Abstracting Call-Stacks for Interprocedural Verification of Imperative Programs by Jeannet, Bertrand & Serwe, Wendelin
Abstracting Call-Stacks for Interprocedural Verification
of Imperative Programs
Bertrand Jeannet, Wendelin Serwe
To cite this version:
Bertrand Jeannet, Wendelin Serwe. Abstracting Call-Stacks for Interprocedural Verification of
Imperative Programs. [Research Report] RR-4904, INRIA. 2003. <inria-00071678>
HAL Id: inria-00071678
https://hal.inria.fr/inria-00071678
Submitted on 23 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de





























ap por t  

de  r ech er ch e 
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Abstracting Call-Stacks for Interprocedural Verification of
Imperative Programs
Bertrand JEANNET and Wendelin SERWE
N˚4904
Juillet 2003













































Unité de recherche INRIA Rennes
IRISA, Campus universitaire de Beaulieu, 35042 RENNES Cedex (France)
Téléphone : 02 99 84 71 00 - International : +33 2 99 84 71 00
Télécopie : 02 99 84 71 71 - International : +33 2 99 84 71 71













































¹#e~e k;m;~|Ôi"iGgkÏi"G~ki ~}w·Æ;h¿sBm;~} } k;msÔT"}½miG}ŁmktﬃsB}g ¹#e~e tsB} 
i iﬂ¿G~iG}½m;yT~h¸iGhjiG}½mi"
ugk;~}Ïk;msB}ggsB ~}Łm;sB&"i"wusBsBgk;m;sGm'~}½miG;iGmsBm;~} ·ÆﬀgsBmsjsBugi"ktº ³ i/~i
m;e";i"Gm;}gi"kkﬀsB}g
m;~h¿sB~màyxi"k;umk5B·)m;egi|ﬂki"ÀsBgk;m;sGm5kiGh¿sB}½mG~k¹º tº mtº-m;egiUk;msB}ggsB1kiGh¿sB}½m;~"ktº






































































































































lº Óm#i"½u~i"km;egi/"h¸umsBm;~}B·s¸k;ywk;miGh B·)´vwﬂ~}½m5i"½usBm;~}gk5~}1m;egiUh¿sB~} 75 FeJŁÂÆÊrJ1Â
 
Â'ÈÎËEÅ




















































































ëﬂ Bí(Yë-ð ')4îDô÷ïÀ Á9Â{À Áô÷ö^ï'í
6
'ﬂ!YïtíÓî2-Bü÷ëﬂ ß BëìæëîDöÀ Áô÷öñ
































~}ŁmkÀB·m;egi sBh sB}g m;egiah¿sB~} B·sBugi"k1B·m;egi
sB;~¾sBi"ktº Ó·¹Pi/"}gk;~iG|sB}~}ŁmiG;&"i"wusB)sBh ¹#~m;eÁsB­sB;~¾sBi"kﬃsB}gﬁﬀ &tsBsB;~¾sBi"k'~}
itseÀ&"i"wuim;egik;msBmiﬃk;s"iﬂi""hji"k
	











































































































sBgk;m;sGmx~}½miG;iGmsBm;~} ·ÆsBhjiG¹P;Ô sBk2iG}sBi"kÏugkÏm ﬂiG}giE´gm¶·Æh G¾skk;~tsB|mi"e}~½ugi"k1k;uge skÏm;egi
"h/~}sBm;~}%B··Æ;¹4sB sB}g sÔ&¹sB%sB}sBywk;~kx1k;msBmi k;s"i sB;m;~m;~}~}g|¹#~m;egumÀi"Łu~;~} }giG¹
";i"Gm;}gi"kk5½B·Ðktº ³ iUsBkjsB}sBy&kisGm;~tsB^~kk;ugi"k5sB
um5iﬂ¿G~iG}½m5~h¸iGhjiG}ŁmsBm;~} B·)m;egiﬃhjiGm;eg½Nº
" ^® ! %­Ö - d4egi¶sBﬂiG¸~k¸;ŁsB}~ki"Ksk·Æ¹ktº ³ iÏi"kiG}Łm´gk;m¸m;egi¶sBh hj&iG4¹Pi1"}gk;~iG¸mB¼



























































































































































































































































































































































































¹#egiGir¨ n.n43n.(±Kd77R² ³´aµ¶-sB}gx¹#egiGibKd77R² ³4´aµ¶­~k#m;egiUkiGmB·+~}½miG;½"i"wusB+~}gk;m;;ugGm;~}gk;/





























































































































































































































































































ÄJË|Â[ÃÄÆÅÇEÈÅÉÊË;ÌÍ&ÅÇÎ ﬂE ÄJ&ÇÄ J&ÇﬀBË



























































































































'O,/.Lu¿X*)7P	.L* ¤ *) ¤ P 0
4æ4sB#6



























































































































































































































































K L,MONZY [ MW\5]_^a`bTacSNPRd	M8e,]_^a`,T V
K L,MONZY [ MW\5]_^a`bTacSNZfgd	MWe,]ihj]_^a`,T V


























































































































































































































































































































































































































¬j­  ´g·5¼x´g°U¾¼Â¨·v°Í¼ ÂR°U±m²Í³X±´G³ ÂR¼èÁ ±m²0°g¾½aÂ
 tÉqG*}~xt|sOxt|s?t?ÎtÉÊas?Ê×t|s~}~otSO*è}~xtÉ?}*xÅx*s?Å t|Æ*G}~o{SBÚoÈ}~xtÊ×t|s*}~o*Çxsp}~xt{SÇÇtS{|}~oaqÙÖgt|s?~ox8Û





















































































































































































































































































































































































































































































































































































































































' ØpsrO~}u"fAf|D{rOptj&uÁ l® ® ®K¢_^Ø l® ®oOrOpÂo*¯y°ptuâMNäDﬂÝ
y|j&À w)psuptu rO~f\oqffDAf|{ArOptj&uKoØpsrO~












Õ}¡oqUG}ìÑt3Å.odcÆ{|raÇ}ì}? t|x~ras?t3}~*}Ü ?t|}¡õ oÆÊas?tWÌazb{|ÇU?tSÅm§Ñ×tS{Ï*rxt3o}¡oGÖgÇÖgtS¨}~xt_}~s*x~o}~o




























































































































































































































































Õ }~xt ?t;:,rxt|ÇZjÄ	t Ä5oÇÇÉrx?t¡Èi~xs~} Z*xÅ }~*}Èi{SG}?tWz.}Èo
RñUò î&m
<sÈ* {|}~oÖU*}~o s?tS{Ss?ÅmÓiÃxt

































































































































































































































































































nxs? xÔÄ  "Ä	t3<b{|rx  {Sx~o~}?t|,}¡?}*}?tS¡*xÅ Ä	tis?tS~}~s~o{|}iæèçZàUçßl}? o}?¡{Sx~o~}?t|G}ì~raÑxt|}ÏÓ Õ




ﬃ   "!$#&%('*)+ -,.0/1243(56,87.0/9,:!*;0<>=?;ﬂ74@BAC<D/9,:!*;0<C.0'FEG7;0Hﬂ7.I#J5
 tÐÊas?Ê×UtØxt|s?tÈ*l*Ñx?}~s{|}ë?t|Æ*,}~o{Së<s§Êas?qUs*ÎﬂÄ5o}~xra}§qUÇÑ*ÇjÖU*s~o*ÑaÇtSÏè}?ÆÄ5ao{l?}*xÅx*s?Ål*Ñ.
~}~s{|}~o3*xÅ¡s?t|Êas?tS?t|,}*}~oÜ}?tS{?aao :,rxtS"{Ï*¨Ñtë*ÊaÊaÇotSÅmÓXÃao"*Ñx?}~s{|}t|Æ*G}~o{So"{|}~r*ÇÇÒ ÅatWÌxxtSÅ¨Ñ,Ò







Ú{S{Ss?Å.oaqÜ}?¨}~xtÅatWÌxao}~o o}~xtÈo,}~s?,Å.rx{|}~oèÛW0Ä5ao{? {SG}~s~}?ØÄ5o}~ }~xt|sØ?Çra}~oxÙ~raq
qgtS~}?tSÅ_sv~ooÇ*svÊas?qUs*ÎÏÓ tÎ*s?t oxÅatStSÅ ~}~oÇÇX*ÑaÇtÈ}?¨}*Ç¾_*Ñra}Ù~}{ﬂ¾bﬂo}~xtÎ*Ñx~}~s{|}Ùt|Æ*G}~o{SÏÓ


































 tÅatS{|oÅatlxt|s?tl}? s~qgt|}3*ÇÇÙ*Ñ×ra}Ü?t;:,rxt|x{StSì* {Ï*ÇÇÙ?o}?tS o }~xtl~}{ﬂ¾×§s?raqUaÇÒ ¾gtSt|Êaoaq o.<s 
Æ*}~o aÇÒÀ {|}~oÖU*}~o s?tS{Ss?ÅaÏÓ ÃaoÜ*Ñx?}~s{|}~o Ä5oÇÇëÑt_s?tWÌxxtSÅÀo NbtS{|}~o uxÓ  t_{Ï* xt|Ögt|s 
}~xt|ÇtS? qgt|}{S{|ras*}?tÆs?tS?raÇ}?Ðo ~rx{ 3?t|}~}~oaqxXØo} ÐÑ×tSt| Ñx?t|s~ÖgtSÅ o 3Å.oÂ[t|s?t|,}È{S,}?tWzb} Q=N
 
Ó




























































Ä5ao{ o¡t;:,raoÊaÊtSÅ Ä5o}~ }~xtl~}*xÅx*s?ÅÀÇ*}~}~o{Stl~}~s~rx{|}~ras?t

åﬃﬂ














































































































































































































































































































































































































































































x}v{SÇÇ*Êx?tÈ{SÊaÇt|}?t|ÇÒ_}~xt ?}{ﬀ¾.§Ñara}ﬂs*}~xt|sv?t|Ê*s*}?t }?Ê {|}~oÖ*}~ols?tS{Ss?Åaë<s? {|}~oÖ*}~ols?tS{Ss?Åa
ÇÒboaqÎÑt|ÇÏÄ }~xt| oì}~xtØ~}{ﬀ¾.ÏÓ




























































































X}~xtì*o *BÄ5ao{ o }?{SØÑaoxtì}~xt


























































































































































































































































































































































































































































































































































  |ﬁﬀE ﬂ tﬃ  |ﬁﬀ'O8



























































ﬃ  |ﬁﬀ' ﬂ t  |ﬁﬀ'O8








































































































































































































































































































































































































































































































































































ÛÎ~raqUqgtS~}? }~*} ~rx{ *Àt;:Gr*Ço}Ò xÇÅaÏÆSÒbÑtÜraxÅat|s¨?ÎtÜÎs?t
??raÊa}~oxÏÓ
























































å?Îé ﬂ  Ó g§ÔÄ	t|Ögt|sÏX}~aoÈoÈx}È}~s~rxt¡o qgt|xt|s*ÇZ	*xÅ ?Ît
ÅaÅ.o}~o*Ç?~raÊa}~oxÙõÎöÎ*s?tÈs?t;:,raos?tSÅmÓÕ}~xtÎ*Ñx?}~s{|}Ø?t|Æ*G}~o{SØoxÅatStSÅm Êas?b{StSÅ.ras?ts?t|}~ras~xÐ*s?t
*ÊaÊas?ÏzboÆ*}?tSÅmjÑtS{Ï*rx?t}~xtS?tÎ}~s*x~o}~oxÐÅat|Êt|xÅaØ }ÄÉi{|}~oÖU*}~o s?tS{Ss?Åa  }~xtÎ~}{ﬂ¾×j*xÅo }~xt



















































































































































































































































































































cªZ« V;ptÀh)sptfo ﬀA¤O¤?® ﬂ&¤¦ §	
Ù²Ê¨
¸





§ ­ Oª ­ « V ptÀXhtpsf\o ﬀKÌ ﬂ$ÌÁ¦§ ­ cª ­ «\ ¥åV*¥Ì pto>fÀXhAr©y°rO~fu ­ wftj&u)o
rOjXuÁpsupsrOpÂhicjA|Df\zA{icf&







f_~)kf&AØpsrO~Üuf ÌŁÌ¦q§8¨'&5Oª(&Ê«$¦q§ ­ Oª ­ «\ ØpsrO~0§8¨'&©Oª(&Ê«kl&spÂz'*¯j&i
§ ­ Oª ­ «Z½no pÂo>hiOf#"%$|sj$oqf\z°pÙr*¯jstjlMorc~)lrnÌ}¦5§8¨'&©Oª(&Ê«\ &u)z}Ì¦§8¨'&©cª)&Ê«¢








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































     ®&('  )
 	 ´    ®    +*),







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































# ﬃ! @"$¨&)(s*¨$A".-3OBCö@*,"B0âﬁ: qﬁ:8x(s:z; =?ﬂ@(s*,-#BV$¨B

























R 	S     32ﬃ2 6	

  
  ,       ﬃ9 
       	 














































































































































































































































































vxg_ ysﬂnol=w(z  r!vxy»ih:jB).d t2. ﬂnk   t[fhjﬀm?C%$f=g dt.j$l


























































,x!1SV  n fﬀj=w·z r vyﬀ O ﬀ
 
ﬂ#ﬃ $
























































































































































































































































































































































































































































































































































































































































































































































































FAxQbﬁtRyﬂFed&tzfﬂF { V1W0|'W\}WZY Y1[\V1W0|'W\}[^]
~
{ |'W\}W0Y Y,[\|'W\}1[Z]









yZZ 0ﬂ&  0ﬂ-





































































































S83:99/RLG3:9j351<MOHIi/2JB9WT35J0LfH09/.B<-0/2i ;@JE:1LI/21jBE]6Y/2B<B/21 1/R=RE:J09<B<1<H0=2B B<-0/K=RE:1<1/R9<S{E:J0Lg;@JIMn?>Ek=35?0/2JkPk;@1E:JIi/2JkBV
DJmE:1LI/21fBEN\cE:1<iG35?@;>9/vB<-I;>9n;>LI/3gWjCF/Z9<HIMOM_/R9<B4BE1/2SI?
3:=R/vB<-0/Z3:=2B<;@PO35B<;>E:J 1/R=RE:1LI9fE5\^ T/R=2B<;>E:J09má35J0Lu¢6kA

































1 þ*4c3:=R=RE:1Lg;@JIMGBE65]/Ł÷0JI;@B<;>E:Jﬁ798!LI/Ł÷0J0/R9K=RE:ifSI?>/2B/2?@A:( ùdWgCX-I;>=-z;>9XJ0E:BXB<-0/7=3:9/w\cE:10ý . V
01E:i J0EC E:J`WICF/eCX;@?@?QJ0E:B/mûükú-ùËú'ýþX/2?>/2i/2JkB9uE5\\!Cx0ﬂ2Wg;@J09<B/3:LNE5\J0E:B<;@JIMB<-0/2i ø ùËúTûükú'ýﬁþ ß V
;=<
>@?@ABC?=DFEHGﬀBI-JLK ,.-0/n35609<B<13:=2BKLIE:iG35;@JN;>9
yNM)OQPSR UT/ \,Re0ﬂWV+ÄUT,C¡0ﬂWV 4rá 9 8































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































UT4!W'ﬂ()ﬀ *Z3A USﬀ"'`ﬀ ﬀ8 Ecﬂﬀ (
0



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































diﬂ7,(ﬀJ -*=*=SGCR ?ﬂ5 -&63P"eﬀ*&637ki&(.=,(.=0F$-"&F





























































 1(>R3Bﬂ7,61` -&63<.='?>$&(, -0ﬁ,5CE 1[,(ﬃ3ﬂB$'?>*/3POd.=,S$-"
P=e%{




>R$*=Sﬁﬃ3B:	& < -0:HlAmm\1CJ -0:Qﬂ7ﬀ8./ﬂA"%$&L$ﬁﬂ7, -FG$01@
 @!D03<ﬃ032-4,5P68ﬃ0*< ç9Ł @ > D038ﬃ4 D Ł 2 @ >
]_ﬃ3<$,(ﬃ37&ﬁ.=0:$-"_,(& -016.=,(./$01 -&63<.=0N,(& ->&6$dﬂB3B:	ﬀ& -*W,(& -016.=,(./$01 -0:
:$g0$,[& -./163?>J -&(,(./ﬂ7ﬀ*+ -&`>&6$8*/37'#15Cn1(.=0ﬂB3?,(ﬃ37S!ﬂ5 -0Z8R3?,(&635 -,63B:Zﬀ1(.=0FH1(, -0: -&6:Z,63Bﬂﬃ0./yNﬀ3B1:37MG37*/$>3B:Z"e$&
.=0ﬁ,(& ->&6$ﬁﬂB3B:	ﬀ& -*| -0J -*=Sd16./15@dv>>R370:	.DO 
F.=MG3B1_"hﬀ*=*:3Pz0.=,(./$015@
V2$5kW37MG37&g3 ><ﬂ7./370N,g.='?>*/37'#370N, -,(./$0./1.='?>R$&(, -0N,5@ dv*=,(ﬃ$ﬀFﬃkW3

  ]PZ  
.=0 -0 -81(,(& ﬂ7,^kW 5S -0ﬁS














:	.='#3701(./$015CR -0:Q,(ﬃ370;37*=.='?.=0J -,(./$04$-"|,(ﬃ3`037k:	.='#3701(./$0cb,(ﬃ3),jkt$*+ -,637&A$>37& -,(./$01o'?.=FﬃN,283)MG37&(S
ﬂB$1(,(*=S b
^
 -0:Z -*/16$ﬀ0>&63Bﬂ7./163Cki.=,(ﬃ!*+ -,(,(./ﬂB3B1[kiﬃ./ﬂﬃ -&63#$0*=S;>J -&(,(.+ -*=*=S;&637*+ -,(./$0J -*Rb"%$&9.=01(, -0ﬂB3C$dﬂ7, -FG$01[ﬂ5 -0
&637>&63B16370N,2 ﬂBﬂ7ﬀ& -,63[&637*+ -,(./$01v$0*=S8R37,jkt3B370;,jkW$?M -&(.+ -8*/3B15@
]_ﬃ3^&(.=Fﬃﬁ,<k_ BS,6$Z:$!.=,?./1<,6$4ﬀ163Q:	.=&63Bﬂ7,#ﬀ>R: -,63Q$-"A,(ﬃ3g -81(,(& ﬂ7,#M -*=ﬀ3
T
kiﬃ370ﬂB$&(&63B1(>R$0:1#,6$ -0
 1616.=F037'#370N,L$-"n `M -&(.+ -8*/328NS -0^3PO	>&63B161(./$0Cdkiﬃ./ﬂ6ﬃ^./1_>R$161(.=8*/3o.=0'#$1(,iﬂ5 163B15C -0:.=0N,637&6163Bﬂ7,(./$0H$-"
T
ki.=,(ﬃ
 ?ﬂB$0:	.=,(./$0HﬂB$0NMG37&(,63B:H,6$# -0H -81(,(& ﬂ7,LM -*=ﬀ3Akiﬃ370gﬂB$&(&63B1(>R$0:1L,6$# ?ﬂB$0:	.=,(./$0J -*s@







@ c0:3B3B:\C$0*=SHﬂB$'?>R$1(.=,(./$0Z$-"_ FG37037& -*E>&63B:	./ﬂ5 -,63f,(& -01("e$&('#37& Fh.s@3@=C
 H&637*+ -,(./$0 Hki.=,(ﬃ H>&63B:	./ﬂ5 -,63,(& -01p"%$&('#37&#ﬂB$&(&63B1(>R$0:	.=0FZ,6$! -037*/37'#370ﬁ, -&(S1(, -,637'#370N,#./1fﬀ13B:.=0,(ﬃ37.=&
'#37,(ﬃ$d:\C -0:,(ﬃ./1iﬂ5 -0^832.='?>*/37'#370ﬁ,63B:Q8NSﬀ>: -,(.=0F?,(ﬃ3AFG37037& -*\>&63B:	./ﬂ5 -,63A,(& -01("e$&('#37&v ﬂBﬂB$&6:	.=0F#,6$f,(ﬃ3






37,)ﬀ1):37, -.=*E'#$&63?,(ﬃ3#&637*+ -,63B:!kt$&(RC"%$*=*/$5ki.=0FH,(ﬃ3#:	./1(,(.=0ﬂ7,(./$0Z'< :3#.=0Z,(ﬃ3?.=0N,(&6$d:	ﬀﬂ7,(./$08R37,jkW3B370,(ﬃ3
"eﬀ0ﬂ7,(./$0J -* ->>&6$G ﬂ6ﬃ< -0:`,(ﬃ3W$>R37& -,(./$0J -* ->>&6$G ﬂ6ﬃf,6$2.=0N,637&(>&6$dﬂB3B:	ﬀ& -*J -0J -*=Sd16./15@¤Z3uz&61(,"e$dﬂ7ﬀ1}$0`FG37037& -*
'#37,(ﬃ$d:15C	 -0:?,(ﬃ370#>&63B16370ﬁ,u,(ﬃ37.=&W ->>*=./ﬂ5 -,(./$01W$&E'#37,(ﬃ$d:1E, -.=*/$&63B:<"e$&|'#$&63o1(>R3Bﬂ7.DzJﬂv -0J -*=Sd16./1|*=.=G3L>R$.=0N,637&





TW$0ﬂB37&(0.=0F;,(ﬃ3#"hﬀ0ﬂ7,(./$0J -*_ ->>&6$G ﬂ6ﬃCE -0©35 -&(*=S!>J ->37&[./1 5UTiTiXX8
<
@]_ﬃ3 -ﬀ 
,(ﬃ$&61[16, -&(,2ki.=,(ﬃ!,(ﬃ3f1(, -0: -&6:Fª"eﬀ0ﬂ7,(./$0J -*wHA1637'< -0ﬁ,(./ﬂB1[$-"t,(ﬃ3fﬂB$01(./:37&63B:Z>&6$F& -'#15@`]_ﬃ3>&(.=0ﬂ7.=>*/3?./1A,6$
3PO	>&63B161[,(ﬃ3#>&63B:	./ﬂ5 -,63#,(& -01p"%$&('#37&`$-"i35 ﬂ6ﬃ©1(, -,637'#370N, Fe1(.=0F*/3< -0:ZﬂB$'?>R$ﬀ0:H9$-"i,(ﬃ3?>&6$F& -'«.=0!"hﬀ0ﬂ
,(./$0$-"A,(ﬃ3Q>&63B:	./ﬂ5 -,63g,(& -01p"%$&('#37&61<$-"9.=,611(ﬀ81(, -,637'#370N,61C_ﬀ1(.=0FZ&637*+ -,(./$0¬ﬂB$'?>R$1(.=,(./$0 Fhkiﬃ./ﬂ6ﬃ.=0NMG$*=MG3B1
ﬂB$0pﬀ0ﬂ7,(./$0 -0:43POd./1(,6370ﬁ,(.+ -*EyNﬀJ -0ﬁ,(.DzJﬂ5 -,(./$0 HP@`]_ﬃ./12Sd./37*/:1[ <137,A$-"uzOd>R$.=0N,93ByﬁﬀJ -,(./$01A837,kt3B370!>&63B:	./ﬂ5 -,63
,(& -01p"%$&('#37&615@do81(,(& ﬂ7,o.=0N,637&(>&637, -,(./$0!'< BS^,(ﬃ370;8R39ﬀ163B:Q.D"E03BﬂB3B11 -&(S,6$ -81(,(& ﬂ7,2>&63B:	./ﬂ5 -,63),(& -01("e$&('k






















,(ﬃ3)zOd>R$.=0N,2./1L>R$161(.=8*/3@v]_ﬃ3[&63B1(ﬀ*=,A$-"|,(ﬃ3 -0J -*=S	1(./1o./1L,(ﬃ370! Fh>R$161(.=8*=Sg -81(,(& ﬂ7,IHL>&63B:	./ﬂ5 -,63),(& -01("e$&('#37&
"%$&235 ﬂﬃ4.=01(,(&(ﬀﬂ7,(./$048*/$ﬁﬂC.=0ﬂ7*=ﬀ:	.=0F"hﬀ*=*"eﬀ0ﬂ7,(./$015@A]_ﬃ3)FG37037& -*}"e& -'#37kt$&(H$-"_ -81(,(& ﬂ7,o.=0ﬁ,637&(>&637, -,(./$0
>&6$Mﬁ./:3B1`:	.=&63Bﬂ7,(*=S4ﬂB$&(&63Bﬂ7,(03B11[&63B1(ﬀ*=,615@?V2$5kW37MG37&5C,(ﬃ./1[,63Bﬂ6ﬃ0./yﬁﬀ3<:$d3B190$,[:	.=&63Bﬂ7,(*=SZ -01(kt37&[,(ﬃ3<yNﬀ3B1(,(./$0('
)







 -01(kt37&i,(ﬃ./1_yﬁﬀ3B1(,(./$0C	8NS>&6$ﬁﬂB3B3B:	.=0F?.=0,jkW$?1(,637>15@n]_ﬃ37S:	.D\37&W"h&6$' 35 ﬂﬃQ$,(ﬃ37&i8NS<,(ﬃ3




ﬃJ -0:	*/3B1v*/$ﬁﬂ5 -*\M -&(.+ -8*/3B15@
^
]_ﬃ3Lz&616,W1(,637>"%$*=*/$5kL1_1(.='?.=*+ -&i -.='#1_ 1t,(ﬃ32,63Bﬂ6ﬃ0./yﬁﬀ3A$-"5UTiTiXX8
<
16G37,6ﬂ6ﬃ3B:^ -8$MG3C	8ﬀ,t>&6$dﬂB3B3B:1W.=0 
:	.DR37&6370ﬁ,vk_ BSG@iV237&63[,(ﬃ3[ﬀ0d0$5ki01A -&63[>&63B:	./ﬂ5 -,63`,(& -01p"%$&('#37&612 116$ﬁﬂ7.+ -,63B:Q,6$<ﬂB$0N,(&6$*}>R$.=0N,61v$-"E,(ﬃ3
>&6$F& -'#1vkiﬃ./ﬂﬃ4&637*+ -,63),(ﬃ3`1(, -,63)$-"EM -&(.+ -8*/3B1o$-"E,(ﬃ3`ﬂB$0N, -.=0.=0F>&6$dﬂB3B:	ﬀ&63 -,o.=,61o370ﬁ,(&(SQ>$.=0ﬁ,vki.=,(ﬃ
,(ﬃ31(, -,63$-"vM -&(.+ -8*/3B1 -,,(ﬃ3F.=MG370ﬂB$0N,(&6$*v>$.=0ﬁ,5Cu16$H,(ﬃJ -,?,(ﬃ3>&63B:	./ﬂ5 -,63,(& -01p"e$&('#37&< 116$ﬁﬂ7.+ -,63B:
,6$Q,(ﬃ33POd.=,`>$.=0ﬁ,$-"v "eﬀ0ﬂ7,(./$0ﬂB$&(&63B1(>$0:1,(ﬃ370,6$Q,(ﬃ31637'< -0N,(./ﬂB1`"eﬀ0ﬂ7,(./$0 Fe$-"L,(ﬃ3>&6$ﬁﬂB3B:	ﬀ&63EHP@
,
0 :	M -0ﬁ, -FG34$-"[,(ﬃ./1<,63Bﬂﬃ0./yNﬀ34ﬂB$'?>J -&63B:¬,6$ 5UTiTiXX8
<
./1<,(ﬃJ -,zO	>$.=0ﬁ,3ByﬁﬀJ -,(./$01.=0NMG$*=MG34$0*=S
ﬂB$'?>$16.=,(./$0$-"LFG37037& -*W>&63B:	./ﬂ5 -,63<,(& -01p"%$&('#37&61`ki.=,(ﬃ>&63B:	./ﬂ5 -,63,(& -01p"%$&('#37&61f 116$ﬁﬂ7.+ -,63B:,6$g1(.=0F*/3
1(, -,637'#370N,61W$-"R,(ﬃ3i>&6$F& -'QCNkiﬃ./ﬂﬃﬂ5 -0<$-"e,6370#8R3i.='?>*/37'#370N,63B:')ﬀﬂﬃ'#$&63v3 ><ﬂ7./370N,(*=SGCdki.=,(ﬃ$ﬀ,uﬀ1(.=0F




]_ﬃ3`13BﬂB$0:g1(,637>;ﬀ163B1o,(ﬃ3)&63B1(ﬀ*=,A$-"E,(ﬃ39z&616,21(,637>H,6$ﬂB$'?>ﬀ,63>R$161(.=8*/3)M -*=ﬀ3B12$-"EM -&(.+ -8*/3B19 -,A35 ﬂ6ﬃ
ﬂB$0N,(&6$*L>R$.=0N,5CtF.=MG370 ,(ﬃ3M -*=ﬀ3Q$-"o,(ﬃ3QM -&(.+ -8*/3B1< -,?,(ﬃ3g370N,(&(S©>$.=0ﬁ,<$-"2,(ﬃ3'< -.=0 "hﬀ0ﬂ7,(./$0@]_ﬃ./1
&63ByNﬀ.=&63B1L,6$#16$*=MG3[ 037k1637,L$-"}zO	>$.=0ﬁ,v3ByNﬀJ -,(./$01@
oﬀ&)z&61(,5C}1(.='?>*/3C16, ﬂ6Z -81(,(& ﬂ7,(./$0©>&63B16370N,63B:.=0 7d3Bﬂ7,(./$0
 




C} 19,(ﬃ3?ﬃﬁSﬁ>R$,(ﬃ3B1(./19,(ﬃJ -,9"%$&('< -*E>J -& -'#37,637&61f -&63?0$,9'#$d:	.DzJ3B: -*=*/$5kL1)ﬀ19,6$^&637*+ -,63< -, -0NS4ﬂB$0N,(&6$*
>R$.=0N,,(ﬃ3<ﬂ7ﬀ&(&6370ﬁ,M -*=ﬀ3B1)$-"LM -&(.+ -8*/3B1`ki.=,(ﬃ,(ﬃ3<M -*=ﬀ3B1$-"_"e$&('< -*t>J -& -'#37,637&61# -,),(ﬃ3<370ﬁ,(&(S!>$.=0ﬁ,$-"L,(ﬃ3
ﬂB$0ﬁ, -.=0.=0F>&6$dﬂB3B:	ﬀ&63@EV2$5kW37MG37&5Cd$032$-"\.=,61W :	M -0N, -FG3B1W./1u,6$)'#37&(FG3v,(ﬃ3B163L,kt$`zOd>R$.=0N,WﬂB$'?>ﬀ, -,(./$01_.=0N,6$














,6$g>&6$5MG3<ﬂB$&(&63Bﬂ7,(03B11 -0:$>,(.='< -*=.=,jSZ&63B1(ﬀ*=,61Ckiﬃ37&635 1`kt3<ﬂ5 -0>&6$5MG31(ﬀﬂ6ﬃ





) -&63v0$,i35 1(S#,6$'< -0.=>ﬀ*+ -,63[ -0:,(ﬃ37.=&_&637*+ -,(./$01(ﬃ.=>ki.=,(ﬃ,(ﬃ32137'< -0N,(./ﬂB1L$-",(ﬃ3






]_ﬃ3t:	.Y><ﬂ7ﬀ*=,S)$-"J3POd>*=./ﬂ7.=,(*=S)&637>&63B16370N,(.=0F2"eﬀ*=*ﬁ1(, ﬂ)ﬂB$0N,6370ﬁ,61nﬃJ 1*/35 :`,6$i"%37kt37&
 -,(,637'?>,61W.=0<1(ﬀﬂﬃ 9:	.=&63Bﬂ7,(./$0@ﬁo03v$-"\,(ﬃ37' ./1u,(ﬃ3
)





MG37&(S&63B1(,(&(./ﬂ7,(.=MG39ﬂ5 1639$-"}>&6$F& -'#1iki.=,(ﬃ$ﬀ,i*/$ﬁﬂ5 -*\M -&(.+ -8*/3B15C16$,(ﬃJ -,L1(, ﬂd1L -&6391$jﬂ5 -*=*/3B:2
ePª3
A$-"nﬂB$0N,(&6$*











1(,(& ﬂ7,(.=0F? -*=*8ﬀ,t,(ﬃ3L,6$> ﬂ7,(.=M -,(./$0<&63BﬂB$&6:\C	 -0: -0370NMd.=&6$0'#370N,W"%$&E,(ﬃ3L,6$> ﬂ7,(.=M -,(./$0&63BﬂB$&6:\@|Vo$kt37MG37&5C
,6$G3701# -&630$,fF.=MG370  Q*+ -,(,(./ﬂB31(,(&(ﬀﬂ7,(ﬀ&63Cu,6$G3701# -&63[pﬀ1(,*+ -837*=*=.=0F4,6$>  ﬂ7,(.=M -,(./$0&63BﬂB$&6:1# -0:©1(ﬃ$ﬀ*/:

















, -.=*/1i$-"1(, ﬂd1CN"eﬀ&(,(ﬃ37&L -81(,(& ﬂ7,63B:\C	ﬂ5 -0*/35 :,6$f -0.='?>*/37'#370N, -8*/39*+ -,(,(./ﬂB32kiﬃ./ﬂ6ﬃ^'< 5S#8R3v0$,i$0*=S#.=0	z0.=,63
8ﬀ,237MG370H$-"|.=0	z0.=,63)ﬃ37.=Fﬃﬁ,5@ 5UTiT:* Q-8
<
16ﬃ$5kL1o,(ﬃJ -,vﬀ1(.=0F1(ﬀﬂ6ﬃH*+ -,(,(./ﬂB3B1o$-"e,6370Q*/35 :1o,6$#'#$&63[>&63Bﬂ7./13[&63B1(ﬀ*=,61
,(ﬃJ -0Q,(ﬃ$13[$8, -.=03B:^kiﬃ370g$039./1L&63B1(,(&(./ﬂ7,63B:^,6$?*+ -,(,(./ﬂB3B1o$-"z0.=,639ﬃ37.=Fﬃﬁ,5@

_$ﬀ&6:$0ﬂ7*/3! -,(, ﬂ6	1')ﬀﬂ6ﬃ'#$&63HﬂB$'?>*/3PO>&6$F& -'#1.=0 5	
_$ﬀ;*I
<
CL 1<ﬃ3HﬂB$01(./:37&61 9} 16ﬂ5 -*2>&6$F& -'#1
ki.=,(ﬃ&63P"%37&6370ﬂB3>J -& -'#37,637&?>J 161(.=0FCnkiﬃ./ﬂ6ﬃ.=0ﬁ,(&6$ﬁ:	ﬀﬂB3B1 -*=.+ 1(.=0F!$0©,(ﬃ31(, ﬂ Fh.s@3@=C|,(ﬃ3"s ﬂ7,`,(ﬃJ -,?1637MG37& -*
M -&(.+ -8*/3B12'< BSg&63P"%37&2,6$<,(ﬃ31 -'#3`*/$ﬁﬂ5 -,(./$0;.=0H,(ﬃ31(, ﬂkHPC03B1(,63B:H>&6$ﬁﬂB3B:	ﬀ&63f:3Pz0.=,(./$015C\ -0:;*+ 1(,o8ﬀ,20$,




./1ﬃ$5kW37MG37&5Ct -0:©0$,f1(ﬀ&(>&(./1(.=0F*=SGC|& -,(ﬃ37&?ﬂB$'?>*/3PO\CE37MG370ki.=,(ﬃ$ﬀ,f>&6$dﬂB3B:	ﬀ& -*i>J -& -'#37,637&615@<4j,ﬃJ 183B370











&63BﬂB$&6:1^$01(, ﬂ6	1^ -&63HﬂB$*=*+ ->13B:¬'#$&6341637MG37&637*=S,(ﬃJ -0¬.=0$ﬀ&'#$ﬁ:37*sCv -0: -0 ﬂBﬂ7ﬀ& -,63! -0J -*=Sd1(./1$-"),(ﬃ3
O4 ﬂT_ -&(,(ﬃNS






CG.=0#$ﬀ&Eﬂ5 163_1(ﬀﬂ6ﬃ< -0?ﬀ0	"%$*/:	.=0F)ﬂ5 -0?8R3t.=0ﬁ,637F& -,63B:<:	.=&63Bﬂ7,(*=S.=0?,(ﬃ3L -0J -*=Sd16./15CG -0:# -ﬀ,6$'< -,63B:#ﬀ1(.=0F











Cdﬀ1(.=0F>ﬀ1(ﬃ:$5ki0Q -ﬀ,6$'< -, 	@ 4,t&637*=./3B1_$0,(ﬃ3o3B116370N,(.+ -*
&63B1(ﬀ*=,?,(ﬃJ -,<,(ﬃ3^1637,#$-"o&635 ﬂﬃJ -8*/3g1(, ﬂd1?$-"[ ;>ﬀ1(ﬃ:$5ki0 -ﬀ,6$'< -, 4./1# ;&637Fﬀ*+ -&#*+ -0FﬀJ -FG3CW,(ﬃJ -,#ﬂ5 -083





@ ]_ﬃ34 -0J -*=Sd163B:¬>&6$F& -' ./1ﬂB$0ﬁMG37&(,63B:,6$© 
>ﬀ1(ﬃ:$ki0Z -ﬀ,6$'< -,6$0C{ki.=,(ﬃHF*/$8J -*M -&(.+ -8*/3B12370ﬂB$ﬁ:3B:H.=0N,6$.=,61oﬂB$0ﬁ,(&6$*>J -&(,9 -0:Q*/$dﬂ5 -*M -&(.+ -8*/3B12370ﬂB$ﬁ:3B:
8R$,(ﬃ8NS<,(ﬃ3AﬂB$0ﬁ,(&6$*\>J -&(,i -0:,(ﬃ39 -*=>ﬃJ -8R37,5@E]_ﬃ39 ->>*=./ﬂ5 -,(./$0g$-",(ﬃ./1L ->>&6$G ﬂ6ﬃ^,6$MG37&(.DzJﬂ5 -,(./$0^./1_ﬃ$kt37MG37&
&63B1(,(&(./ﬂ7,63B:?37.=,(ﬃ37&n,6$2>&6$F& -'#1n'< -0.=>ﬀ*+ -,(.=0F9z0.=,63j1(, -,63_M -&(.+ -8*/3B15C$&n,6$2>&6$F& -'#1}z&61(,E -81(,(& ﬂ7,63B:f,6$21(ﬀﬂ6ﬃ
>&6$F& -'#15@ 4j0$,(ﬃ37&WkW$&6:15C	$0*=S#>&6$>R37&(,(./3B1t8R37*/$0F.=0Ff,6$ 9z0.=,632*+ -,(,(./ﬂB32ﬂ5 -08R3o -0J -*=S	163B:\@|]_ﬃ./1i ->>&6$G ﬂ6ﬃ








 -*=*/$ki.=0F1$'#39z0.=,63sﬃ37.=FﬃN,A*+ -,(,(./ﬂB3B15CR1(ﬀﬂﬃ; 1o*=.=035 -&oﬂB$01(, -0ﬁ,A>&6$>J -FN -,(./$0 5,7NI
  <
@ 4,v&637>&63B16370ﬁ,61A #MG37&(S
.=0ﬁ,637&63B1(,(.=0F^'?.DOg$-"u,(ﬃ3`,jkt$^ ->>&6$G ﬂﬃ3B1'L.=0:3B3B:\C>ﬀ1(ﬃ:$ki0! -ﬀ,6$'< -,  -&63`ﬃ37&63`3PO	,6370:3B:;8NSH 116$ﬁﬂ7.+ -,(.=0F
kW37.=FﬃN,61t,6$o,(& -016.=,(./$0#&(ﬀ*/3B15@n]_ﬃ3B163_kt37.=Fﬃﬁ,61t -&63iﬂB$'?>R$163B:fki.=,(ﬃ?,(ﬃ3_')ﬀ*=,(.=>*=./ﬂ5 -,(.=MG32$>R37& -,(./$0#$-"R A1637'?.=&(.=0F
kiﬃ370 ->>*=Sﬁ.=0F! &(ﬀ*/3@$&: -, J$5k  -0J -*=Sd16./1` ->>*=./ﬂ5 -,(./$015Cn,(ﬃ./1 -*=*/$5kL1,6$Q370ﬂB$d:3#,(ﬃ3<ﬂB$0ﬁ,(&6$*t>J -&(,$-"
,(ﬃ39>&6$F& -' .=0Q,(ﬃ39ﬀ0:37&(*=Sd.=0F#>ﬀ1(ﬃ:$ki0; -ﬀ,6$'< -, 	CR 1ikt37*=* 1v>&6$>37&(,(./3B1v837*/$0F.=0F<,6$< z0.=,639*+ -,(,(./ﬂB3C












]_ﬃ3AFG37037& -*'#37,(ﬃ$d:1L:3B16ﬂ7&(.=8R3B:Q -8R$5MG39ﬃJ 5MG3983B370g ->




ﬃJ 198R3B370 ->>*=./3B:!8NS 5V2 -*ªX*
<














ﬀ1(.=0F[F& ->ﬃ<&635 ﬂﬃJ -8.=*=.=,jS#,63Bﬂﬃ0./yNﬀ3B1CNkiﬃ./ﬂﬃﬂ5 -0#8R3iﬀ163B:?ki.=,(ﬃ#z0.=,63L*+ -,(,(./ﬂB3B1t -0:<:	./1(,(&(.=8ﬀ,(.=MG3v: -, 
J$k "hﬀ0ﬂ7,(./$01@]_ﬃ3^./:35 4./1f,6$4&637>&63B16370ﬁ,1(ﬀﬂﬃ: -, J$5k "eﬀ0ﬂ7,(./$01#ki.=,(ﬃ8.=>J -&(,(.=,63gF& ->ﬃ1#ﬂB$003Bﬂ7,(.=0F
 -,6$'?./ﬂH37*/37'#370N,61<$-"A,(ﬃ3^*+ -,(,(./ﬂB3C_ -0:,6$!8ﬀ.=*/: 41$jﬂ5 -*=*/3B: 3POd>*/$d:3B: 1(ﬀ>R37&(F& ->ﬃ 8ﬁS&637>*+ ﬂ7.=0F©3B:	FG3B1#$-"
,(ﬃ3!T8NS ,(ﬃ3B163g8.=>J -&(,(.=,63;F& ->ﬃ15@ﬀ0ﬂ7,(./$0ﬂB$'?>R$1(.=,(./$0 -*/$0F©>J -,(ﬃ1ﬂ5 -0,(ﬃ37083g>37&p"%$&('#3B:8ﬁS











 -*=*/$5kL1,6$!, ﬂ6d*/3g1$'#3z0.=,63"sﬃ37.=FﬃN,*+ -,(,(./ﬂB3B15CW*=.=G3 Fh*=.=035 -&IH
ﬂB$01(, -0ﬁ,t>&6$>J -FN -,(./$0C	8ﬁS< :$>,(.=0Ff ['#$&63v16$>ﬃ./16,(./ﬂ5 -,63B:<&637>&63B16370ﬁ, -,(./$0^$-"\: -, #J$5k¬"eﬀ0ﬂ7,(./$015@ﬀ	O; -& */*
 
F.=MG3B1E -0f.=0N,637&63B16,(.=0F[ﬂB$'?>J -&(./16$0?837,kt3B370#,(ﬃ3t"eﬀ0ﬂ7,(./$0J -* -0:`,(ﬃ3
)
ﬂ5 -*=*$j1(,(&(.=0FG1&%_ ->>&6$G ﬂ6ﬃ$-"ﬀﬃﬂ'uY	K
 
"%$&,kt$




O4 -0NS.=0ﬁ,637&(>&6$ﬁﬂB3B:	ﬀ& -*f -0J -*=Sd1(./1QﬃJ BMG3!8R3B370:3B1(.=F03B:ki.=,(ﬃ'#$&631(>3Bﬂ7.DzJﬂ!1$*=ﬀ,(./$01^,6$  ::	&63B161Q,(ﬃ3
.=0ﬁ,637&(>&6$ﬁﬂB3B:	ﬀ& -*? 1(>R3Bﬂ7,615Cv&637*=Sd.=0F$0,(ﬃ34>&6$>R37&(,(./3B1g$-",(ﬃ3Z1(>R3Bﬂ7.DzJﬂZ -0J -*=Sd1(./1H -0:>& ﬂ7,(./ﬂ5 -*[ﬃ37ﬀ&(./1(,(./ﬂB15@
VA -0:	*=.=0F.=0ﬁ,637&(>&6$ﬁﬂB3B:	ﬀ& -*u 16>3Bﬂ7,61o./1o$-"e,6370g>R37&p"%$&('#3B:g8ﬁSH ->>*=Sﬁ.=0F,(ﬃ3[>&(.=0ﬂ7.=>*/3B1A$-"0ﬀ	,O4Y Q
 
C37MG370H.D"E,(ﬃ3
&637*+ -,(./$01(ﬃ.=>8R37,jkW3B370,(ﬃ321(, -0: -&6:1637'< -0N,(./ﬂB1i -0:,(ﬃ32 -816,(& ﬂ7,W$03o./1u0$,_ -*=kW 5Sd1i3PO	>*=./ﬂ7.=,5CN0$&_1637>J -& -,63B:
"e&6$'  -*=FG$&(.=,(ﬃ'?./ﬂ5 -* 16>3Bﬂ7,615@
,
'#$0F,(ﬃ37'QCﬁ>R$.=0N,637&L -0:^ -*=.+ 1i -0J -*=Sd13B1tﬃJ 1t8R3B370ki./:37*=S1(,(ﬀ:	./3B:\Cd837.=0Ff$-"
>&(.='< -&(S.=0N,637&63B16,_"e$&L$>,(.='?.21B.=0F<ﬂB$'?>.=*/37&61@3ﬀ4A37ﬀ;*5
 
:3B16ﬂ7&(.=8R3B1v `>$kt37&p"eﬀ*.=0N,637&(>&6$dﬂB3B:	ﬀ& -*} -*=.+ 1v -0J -*=S	1(./15C
kiﬃ./ﬂﬃﬀ163B1E"e$&u,(ﬃ3L.=0N,637&(>&6$dﬂB3B:	ﬀ& -* 1(>R3Bﬂ7,61E,(ﬃ3L,6$G3701W$-"6ﬀ	,O4Y Q
 
 -0: -*/1$[, -G3B1_ :	M -0ﬁ, -FG3B1t$-"\>J -&(,(./ﬂ7ﬀ*+ -&




40<,(ﬃ./1t>J ->37&5Cﬁkt3oﬃJ BMG3o>&63B16370ﬁ,63B: -0^ ->>&6$G ﬂ6ﬃ,6$),(ﬃ3vMG37&(.DzJﬂ5 -,(./$0^$-"R.='?>R37& -,(.=MG32>&6$F& -'#1uki.=,(ﬃ&63Bﬂ7ﬀ&61(.=MG3
>&6$dﬂB3B:	ﬀ&63B1i -0:#M -&(.+ -8*/3B1W$MG37&t>R$161(.=8*=Sf.=0	z0.=,632:$'< -.=015@oﬀ&u'#37,(ﬃ$d:ﬂB$01(./1(,61u$-",kt$f -81(,(& ﬂ7,W.=0N,637&(>&63"






















ﬂB$01(./16,(.=0F.=0H -816,(& ﬂ7,(.=0F,(ﬃ3: -, ?ﬀ1(.=0Fﬂ7*+ 161(./ﬂ5 -*.=0N,(& ->&6$dﬂB3B:	ﬀ& -*| -816,(& ﬂ7,(./$015@i]_ﬃ3B163[,kt$^ -81(,(& ﬂ7,(./$0
1(,637>1iﬂ5 -08R3oﬂB$'?>R$163B:,6$FG37,(ﬃ37&i,6$*/35 :,6$ -0.='?>*/37'#370ﬁ, -8*/3` -81(,(& ﬂ7,(./$0^kiﬃ./ﬂﬃQﬂ5 -0'< -.=0ﬁ, -.=0g1(ﬀ81(, -0
,(.+ -*.=0	"e$&('< -,(./$0^$0,(ﬃ3oﬂ5 -*=*$j1(, ﬂ<$-",(ﬃ3A -0J -*=Sd163B:>&6$F& -'Q@n¤Z3oﬃJ BMG32>&6$5MG370,(ﬃJ -,t.=0,(ﬃ3vﬂ5 13o$-"\"%$&(kW -&6:
 -0J -*=S	1(./15Cnﬀ0:37&?16$'#3 161(ﬀ'?>,(./$0$0©.=0.=,(.+ -*_16, -,63B15C|$ﬀ&)z&616,f -81(,(& ﬂ7,(./$0./1f$>,(.='< -*sCu -0:,(ﬃNﬀ1?ﬂ5 -0©83
ﬂB$01(./:37&63B:; 1v FG$d$ﬁ:^1(, -&(,(.=0F<>$.=0ﬁ,i"e$&i,(ﬃ39"e$*=*/$ki.=0F: -, # -81(,(& ﬂ7,(./$0@
oﬀ&| ->>&6$G ﬂ6ﬃfﬂ5 -083E13B370 1ﬂB$'`8.=0.=0FA,(ﬃ3E,jkW$A:	.DR37&6370ﬁ,n ->>&6$G ﬂﬃ3B1}:3B1ﬂ7&(.=83B:).=0 ﬀﬃﬂ'uY	K
 
CSd./37*/:	.=0FA -0
 -0J -*=S	1(./1}kiﬃ./ﬂ6ﬃ#ﬂB$0ﬁ, -.=01|1(,(&(./ﬂ7,(*=S['#$&63W.=0	"e$&('< -,(./$0@|]_ﬃ./1}./1}>J -&(,(./ﬂ7ﬀ*+ -&(*=S)ﬀ13P"hﬀ*ﬁ"e$&n1(, -&(,(.=0FA,(ﬃ3i -0J -*=Sd16./1n -,
.=0.=,(.+ -*1(, -,63B1_ki.=,(ﬃg `0$0j37'?>,Sﬂ5 -*=*$j1(, ﬂ

Cd16.=0ﬂB3o,(ﬃ32"eﬀ0ﬂ7,(./$0J -* ->>&6$G ﬂ6ﬃHﬂ5 -00$,L37MG370&637>&63B1370N,L,(ﬃ3B163
1(, -,63B1C} -0:Z$ﬀ& -81(,(& ﬂ7,(./$0© -*=*/$kL1),6$Q16>3Bﬂ7.D"eS;ﬂB$016,(& -.=0N,61$0Z,(ﬃ3< ﬂ7,(.=M -,(./$0ﬂB$0N,63PO	,61`.=0Z,(ﬃ3#1(, ﬂ s, -.=*s@
,
*/16$C.D"n,(ﬃ3) -81(,(& ﬂ7,v:$'< -.=0H./1i0$,v:	./1(,(&(.=8ﬀ,(.=MG3C 1i"%$&i.=01(, -0ﬂB3[ﬂB$0ﬁMG3POQ>$*=Sdﬃ3B:	&6$015C
-
O -'?>*/3<K)1(ﬃ$5kL1
,(ﬃJ -,_kt3Aﬂ5 -0^$8, -.=0g )'#$&63o>&63Bﬂ7./13A -0J -*=S	1(./1W&63B1(ﬀ*=,5@ ﬀ&(,(ﬃ37&('#$&63C{ -0:.=0^ﬂB$0ﬁ,(& -&(S,6$`,(ﬃ32'#37,(ﬃ$ﬁ:1_8J 163B:
$0;ﬂ5 -*=*$j1(,(&(.=0FG1o$&v,6$G37015C{$ﬀ&2 -81(,(& ﬂ7,(./$0;$-"Eﬂ5 -*=*}1(, ﬂ6	1L./1v.=0:37>370:370ﬁ,2$-"u -0NSg -816,(& ﬂ7,(./$0H$-"E: -, 	C{ -0:
.=0>J -&(,(./ﬂ7ﬀ*+ -&i -*=*/$kL1u,6$)&637>&63B16370N,_>&63Bﬂ7./163v.=0	"e$&('< -,(./$0$0<,(ﬃ3vM -*=ﬀ3B1W$-"M -&(.+ -8*/3B1uﬀ0:37&t,(ﬃ3v,6$> ﬂ7,(.=M -,(./$0
&63BﬂB$&6:\@
TW$'?>J -&63B: ,6$4,(ﬃ3"hﬀ0ﬂ7,(./$0J -*v ->>&6$G ﬂﬃ ﬀUTiTiXX8C6ﬂ'uY	KGC ﬂ+* Q
 
 -0:  -*/16$4,6$ ﬀ	,O4Y Q
 
Ct$ﬀ&? -0J -*=S	1(./1f./1
'#$&63J3PO	.=8*/3ki.=,(ﬃ &63B1(>R3Bﬂ7,?,6$4,(ﬃ3,(&635 -,('#370N,$-"2F*/$8J -*vM -&(.+ -8*/3B15@¤ﬃ.=*/3,(ﬃ3^$0*=S©>$1616.=8*/3,(&635 -,('#370N,
$-"vF*/$8J -*WM -&(.+ -8*/3B1`.=0©,(ﬃ3?"eﬀ0ﬂ7,(./$0J -*L ->>&6$G ﬂ6ﬃ ﬂB$01(./16,61).=0,(& -01p"e$&('?.=0F4,(ﬃ3>&6$F& -'£.=0$&6:37&f,6$H ::
,(ﬃ3B163#M -&(.+ -8*/3B1 19>J -& -'#37,637&61[,6$^,(ﬃ3f>&6$dﬂB3B:	ﬀ&63B15C}$ﬀ&` -0J -*=S	1(./1) -*=*/$5kL1 ::	.=,(./$0J -*=*=S!,6$^:35 -*Eki.=,(ﬃZF*/$8J -*
M -&(.+ -8*/3B1E'#$&63L:	.=&63Bﬂ7,(*=SGCﬁki.=,(ﬃ$ﬀ,E&63Byﬁﬀ.=&(.=0F),6$91(,6$&63L,(ﬃ37.=&EM -*=ﬀ3B1E.=0N,6$` ﬂ7,(.=M -,(./$0#&63BﬂB$&6:15@n¤ﬃ.=*/3_,(ﬃ3L:	.=&63Bﬂ7,
,(&635 -,('#370ﬁ,L$-"F*/$8J -*{M -&(.+ -8*/3B1_ﬂB$'#3B1_ -,t,(ﬃ3o3PO	>R370163v$-" )*/$161t.=0<>&63Bﬂ7./1(./$0Cd,(ﬃ3A -0J -*=Sd1(./1_ -*/16$`83BﬂB$'#3B1t*/3B161
3PO	>37016.=MG3CJ1(.=0ﬂB39,(ﬃ3[&637*+ -,(./$01v,6$?8R393B1(, -8*=./1(ﬃ3B:Q"e$&o35 ﬂ6ﬃg>&6$dﬂB3B:	ﬀ&63[03B3B:Q,6$#ﬂB$01(./:37&v*/3B11L:	.='#3701(./$01

@
]_ﬃﬁﬀ1<.=,?./1<>$1616.=8*/3,6$4z03"s,(ﬀ03Q,(ﬃ3QﬂB$'?>&6$'?./13Q8R37,jkt3B370¬>&63Bﬂ7./1(./$0 -0:ﬂB$1(,?ﬀ1(.=0F$ﬀ& ->>&6$G ﬂﬃ¬8ﬁS
ﬂﬃ$ﬁ$1(.=0F<,(ﬃ$1639F*/$8J -*M -&(.+ -8*/3B1L,6$f8R39ﬂB$01(./:37&63B:H 1L>J -& -'#37,637&615@
,
0Q.='?>*/37'#370ﬁ, -,(./$0;$-"|$ﬀ&o -0J -*=S	1(./1i./1iﬀ0:37&LkW$&(@
,
1"eﬀ,(ﬀ&634kt$&(RCvkW34>*+ -0,6$.=0ﬁMG3B1(,(.=FN -,63!,(ﬃ3403BﬂB3B161  -&(S'#$d:	.DzJﬂ5 -,(./$015C2.=0$&6:37&^,6$$8, -.=0 ©:	ﬀJ -*
3PO ﬂ7,(03B161E&63B16ﬀ*=,E"%$&E8J ﬂ6dkW -&6: -0J -*=Sd16./15CG8ﬁS.=0ﬁ,(&6$ﬁ:	ﬀﬂ7.=0F? 91(.='?.=*+ -&t>J -& -'#37,637&E"e&63B3 1B.=0F)'#3BﬂﬃJ -0./1('#1t"e$&E,(ﬃ3




,6$#, -G3.=0N,6$ ﬂBﬂB$ﬀ0N,A,(ﬃ3: -, 	@o]_ﬃ33POd>&63B11(.=Mﬁ.=,S
$-"f,(ﬃ3Z -0J -*=S 153B:>&6$F& -'#1HﬂB$ﬀ*/:834.='?>&6$MG3B:\@o$0s*/$dﬂ5 -*ipﬀ'?>1^1(ﬃ$ﬀ*/:8R3!35 1(.=*=S ::3B:\C[ -*=,(ﬃ$ﬀFﬃ
,(ﬃ37.=&Lﬀ139kt$ﬀ*/:^>&6$8J -8*=SQ16ﬀ>>&63B161L$ﬀ&vﬂ7ﬀ&(&6370ﬁ,o$>,(.='< -*=.=,jS^&63B16ﬀ*=,615@|]_ﬃ3[3PO	,63701(./$0g$-"|$ﬀ&o -81(,(& ﬂ7,(./$0g,6$
>&6$F& -'#1A'< -0.=>ﬀ*+ -,(.=0F>R$.=0N,637&61A,6$<:	Sd0J -'?./ﬂ5 -*=*=S; -*=*/$dﬂ5 -,63B:;$8	p3Bﬂ7,612./1A ?'#$&63ﬂ6ﬃJ -*=*/370F.=0F^, 1(^kW3)k_ -0N,
,6$ﬀ0:37&(, -G3@
	 1(,5C\ -*=*/$5ki.=0F&63P"e37&6370ﬂB3`>J -& -'#37,637&A>J 161(.=0Fkt$ﬀ*/:;8R3[MG37&(S^ﬀ163P"eﬀ*,6$, ﬂ6d*/3fT>&6$F& -'#15C
8ﬀ,9ﬃ37&63f.=,A./1A')ﬀﬂﬃ!*/3B1619ﬂ7*/35 -&9,6$ﬀ1Akiﬃ37,(ﬃ37&[$ﬀ&9FG37037& -*u ->>&6$G ﬂ6ﬃﬂ5 -048R3ﬀ163B:\@)V2$5kW37MG37&5CﬂB$0ﬂB37&(0.=0F




C -*=*{,(ﬃ32$,(ﬃ37&_FG37037& -*R'#37,(ﬃ$ﬁ:1i -&63A37.=,(ﬃ37&W:3B1ﬂ7&(.=83B:
.=0 ^,6$d$H -81(,(& ﬂ7,kW 5SZ,6$Q*/35 ::	.=&63Bﬂ7,(*=SZ,6$H g>& ﬂ7,(./ﬂ5 -*_16$*=ﬀ,(./$0"%$&),(ﬃ./1C}37.=,(ﬃ37&? 161(ﬀ'#3<*=.=G3#ﬀ1`,(ﬃJ -,f -0
.=0ﬁ,(& ->&6$ﬁﬂB3B:	ﬀ& -*_1(, -,637'#370N,`'#$ﬁ:	.DzJ3B1`$0*=S4,(ﬃ3?,6$> ﬂ7,(.=M -,(./$0Z&63BﬂB$&6:Z.=0!,(ﬃ3#16, ﬂ6Z -0:Z16$"s ﬂB3?,(ﬃ3#1 -'#3









ﬃ'#3B:_$ﬀJ ª6 -0.sCN 5Mﬁ./37&
-
1(>J -& 1 	Ct -0:2:3B:O4 -*/37&5@ o35 ﬂ6ﬃJ -8.=*=.=,S -0J -*=S	1(./1f$-"o>ﬀ16ﬃ:$5ki0

































ﬃ'#3B:(W$ﬀJ h6 -0.sCN 5Mﬁ./37&
-
16>J -& 1 	Ct -0:] 5Sd11(.=&?]$ﬀ.=*=.s@
,
FG37037&(./ﬂQ ->>&6$G ﬂ6ﬃ ,6$;,(ﬃ3^1(, -,(./ﬂ































































& -0B$./1 _$ﬀ&6:$0ﬂ7*/3@ 40N,637&(>&6$dﬂB3B:	ﬀ& -* -81(,(& ﬂ7,W.=0N,637&(>&637, -,(./$0Q$-"8*/$dﬂ6<1(,(&(ﬀﬂ7,(ﬀ&63B:*+ -0FﬀJ -FG3B1







































































@#W&(SN -0N,5@2& ->ﬃs8J 163B:H -*=FG$&(.=,(ﬃ'#1L"e$&v8$d$*/35 -0"hﬀ0ﬂ7,(./$0H'< -0.=>ﬀ*+ -,(./$0@



































  21 	+43 %
$






























































































'}@TW$ﬀ16$,[ -0:*`@RTW$ﬀ1$,5@`TW$'?>J -&(.=0F^,(ﬃ3 9 -*/$./1AﬂB$003Bﬂ7,(./$0 -0:Hki./:370.=0FN0J -&(&6$ki.=0F4 ->












'n -,(&(./ﬂ6¬TW$ﬀ16$, -0: v./ﬂB$*+ 1<V2 -*=8ﬁkW ﬂ6ﬃ1@
,
ﬀ,6$'< -,(./ﬂQ:	./16ﬂB$5MG37&(S $-"A*=.=035 -&#&63B1(,(& -.=0ﬁ,61 -'#$0F













 o;	   21 	+43 %
$
















































  21 	+43 %
$
 


























1(>J -& 1 f -0: G3701A0$ﬁ$>@
,
0 -ﬀ,6$'< -, !s,(ﬃ3B$&637,(./ﬂ ->>&6$G ﬂ6ﬃQ,6$.=0N,637&(>&6$dﬂB3B:	ﬀ& -*: -, !
































































































































































@JVA -*=8Nk_ ﬂ6ﬃ15@4 7,637&('?.=0J -,(./$0! -ﬀ,6$'< -,(./yﬁﬀ3:3)&637*+ -,(./$01o*=.=05 -.=&63B12M 7&(.DzB3B1o>J -&2*/3B1oM -&(.+ -8*/3B1
:

ﬀ0Q>&6$F& -'?'#3@t]_ﬃB163[:3A,(&6$./1(.7'#3)ﬂ7Sdﬂ7*/3C	o0.=MG37&61(.=,[:3 A&6370$8*/3C'< -&6ﬂ6ﬃ©K*GX*	@
ﬀG35 I Q
 
A@,G35 -0037,5@ o37>&63B16370N,(.=0F) -0:? ->>&6$BO	.='< -,(.=0F[,(& -01p"%37&"hﬀ0ﬂ7,(./$01|.=0? -81(,(& ﬂ7,|.=0ﬁ,637&(>&637, -,(./$0<$-"





























  	 
CO4 :	&(./:µF ﬂﬁ>J -.=0 H~HPC ﬂd37>,637'`837& QII Q	@
ﬀG35 I
 ! 
























































  	 
C &E3703 1B.+ F 4j, -*=SAHPCBﬂd37>,637')8R37&`K*/*/*	@
ﬀ,O4Y Q
 
237.=*4f@ G$03B1f -0: ﬂﬁ,637MG370 ﬂ@ Ogﬀﬂﬃ0./ﬂ6R@
,
J3PO	.=8*/3 ->>&6$G ﬂﬃ,6$Q.=0N,637&(>&6$dﬂB3B:	ﬀ& -*_: -, J$5k





















































































  	 
C>J -FG3B1



































}*/$&(.+ -0 O4 -&(,(.=0@
-
Od>R37&(.='#370N, -*_ﬂB$'?>J -&(./16$0$-"iﬂ5 -*=*t16,(&(.=0FH -0:4"eﬀ0ﬂ7,(./$0J -*W ->>&6$G ﬂ6ﬃ3B1,6$^.=0
,637&(>&6$dﬂB3B:	ﬀ& -* -0J -*=Sd16./15@ 40












































@ OH.=0@]_ﬃ3$ﬁﬂ7, -FG$0 -81(,(& ﬂ7,`:$'< -.=0@ 40































]$' v37>15C ﬂﬁﬀ1 -0QV2$&(ki.=,&1GC -0: OH$d$*=S ﬂ	 -F.=MR@ '|&63Bﬂ7./163A.=0N,637&(>&6$dﬂB3B:	ﬀ& -*: -, !J$k -0J -*=S	1(./1_Mﬁ.+ 








  21 	+43 %
$




















TﬁO '|&63B1615CgN -0ﬁﬀJ -&(SZK*/*	@
ﬀ ﬂ.NI
 ! 
]9@,v37>15C6ﬂ@ ﬂdﬂ6ﬃﬁkt$d$0Ct -0: ﬂ@QﬃJ 	@H¤Z37.=FﬃN,63B:>ﬀ1(ﬃ:$ki01(Sd16,637'#1 -0:,(ﬃ37.=&f ->>*=./ﬂ5 -,(./$0,6$











































































O;$ﬁ$*=S ﬂ	 -F.=MCG]$' v37>15CG -0: ﬂﬁﬀ1  -0fV2$&(ki.=,&1G@ '|&63Bﬂ7./13_.=0N,637&(>&6$dﬂB3B:	ﬀ& -*{: -, !J$5k -0J -*=Sd1(./1}ki.=,(ﬃ





















]_ﬃ./1) ->>R370:	.DO!ﬂB$0N, -.=01[,(ﬃ3#>&6$ﬁ$-"%19$'?.=,(,63B:4"e&6$',(ﬃ3f'< -.=0!>J -&(,)$-"t,(ﬃ3f>J ->R37&5C0J -'#37*=S;,(ﬃ3?ﬂB$&(&63Bﬂ7,(03B161
>&6$d$-"e1f$-"v,(ﬃ3,(ﬃ&63B3^ -81(,(& ﬂ7,(./$01	C? -0:	
R














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































] l^m ] n+_`_`_
i"k












































] l^m ] n+_`_`_
i"k







































































































































































































































































































































































































































































































































































































































	37,uﬀ1n"e$*=*/$k,(ﬃ3i1 -'#3L>&6$ﬁ$-"R>&(.=0ﬂ7.=>*/3o 1n"%$&E1(ﬃ$ki.=0F;UpKXﬂWn -8R$5MG3@|]_ﬃ3Lﬂ5 13B1|kiﬃ37&63i,(ﬃ3i,(& -01(.=,(./$0:?:$ﬁ3B1
0$,A'#$d:	.D"hSH ::4$&2&637'#$5MG3?37*/37'#370ﬁ,612"h&6$' ,(ﬃ3f1(, ﬂ6; -&63`,(&(.=Md.+ -*sC\ 12.=,2ﬃJ 128R3B370;16ﬃ$5ki0;"e$& ,/.&021 3

8R3P"e$&63@



















































] l^m ] n+_`_`_
i"k










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































F #VU 5 ﬂYWﬂ





¤Z3 " #&(& #k31 #3#>% # #!"i>% '

 '=>&/3)1 " #%1#5kﬂ'

F{U 55pW -8 #5MG3@*ﬂ '

B3	3  13B1[k
3 %633	 % 





# #d:' "hS :: #% %63 #MG3?3 &/3#3







8R3 " #%63Ckt3[:3 !'(&	#































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 % ﬀ% # % !& '

















   #%
G  '%












 %ﬂ7 #4# &






























































 '  ' #













































































































































































































































































































































































































































































































































































































































































































Unité de recherche INRIA Lorraine, Technopôle de Nancy-Brabois, Campus scientifique,
615 rue du Jardin Botanique, BP 101, 54600 VILLERS LÈS NANCY
Unité de recherche INRIA Rennes, Irisa, Campus universitaire de Beaulieu, 35042 RENNES Cedex
Unité de recherche INRIA Rhône-Alpes, 655, avenue de l’Europe, 38330 MONTBONNOT ST MARTIN
Unité de recherche INRIA Rocquencourt, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex
Unité de recherche INRIA Sophia-Antipolis, 2004 route des Lucioles, BP 93, 06902 SOPHIA-ANTIPOLIS Cedex
Éditeur
INRIA, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)
  	


	  
ISSN 0249-6399
